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Abstract Carbon gel and carbon–nickel–palladium
doped gels (C–Ni–Pd) were prepared by carbonising
resorcinol–formaldehyde (RF) hydrogel and resorcinol–
formaldehyde–nickel–palladium (RF–Ni–Pd) hydrogels at
900 C in a nitrogen atmosphere. RF and RF–Ni–Pd
hydrogels were synthesized through sol–gel polyconden-
sation followed by ambient drying. The aim of this study
was the determination of the effect of heat treatment in air
at 450 C on the properties of C–Ni–Pd gels prepared using
different Pd salts. In the present work, Ni was added as
acetate whereas Pd was added as acetate (CA–Ni–Pd) and
as chloride (CB–Ni–Pd). Samples were examined by
scanning electron microscopy and X-ray diffraction. Sur-
face area was characterized by N2 adsorption at
-195.5 C. Thermogravimetric analysis was carried out in
order to determine the thermal characteristics of carbon gel
and nickel–palladium composites in air atmosphere. CA–
Ni–Pd composite had a higher activity and two-phase
reaction compared to the CB–Ni–Pd composite. Further
improvement of the electrolyte diffusion into the particles
of nickel and palladium was obtained by oxidative thermal
treatment. During this process a structural modification of
the material took place, consequently leading to changes in
the electrochemical properties of the composites.
Keywords Carbon–metal composite  Electron
microscopy  Electrochemical properties  Heat treatment
1 Introduction
Organic aerogels are relatively new compounds, obtained
first by Pekala [1] using resorcinol (R) and formaldehyde
(F) as substrates. R and F are mixed with water in appro-
priate proportions, with the addition of a catalyst (usually
Na2CO3), and then aqueous solution is allowed to poly-
condensation. The obtained resorcinol–formaldehyde (RF)
gels are subjected to dehydration, most often by the
exchange of solvents [1], drying with supercritical CO2 [1,
2], drying at ambient temperature [3–5], microwave drying
[6] or by freeze drying [7, 8]. The products of drying are
then subjected to thermal treatment to obtain carbon gels.
Recent efforts have focused on the modification of
carbon gels through the use of different metal dopants
[9–16]. It is worth mentioning that various metals can be
easily incorporated into carbon gels to create carbon–metal
composites. Such materials can be produced by the addi-
tion of soluble metal salts in the process of a sol–gel
polymerization reaction. During this process the precipi-
tation or crystallization of metal salts within the pore net-
work occurs. The presence of metal salts can also play the
role of catalyst, modifying the degree of polymerization or
gelation, and can have an influence on the morphology and
structure of pores of the organic gels. One area of signifi-
cant interest is incorporation of metal species into the
carbon framework with the goal of modifying the structure,
conductivity, and catalytic and electrochemical activity of
the carbon gels. Various metal-doped carbon gels have
already been prepared and characterized from the point of
view of physicochemical properties [17–21]. Metal-doped
carbon materials are attractive for several applications, for
example in electrochemistry [9, 14, 22–24] or catalysis
[25–28], but the pores of carbon gels obtained by drying in
ambient conditions are often closed, the chemical and
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electrochemical activity can not be fully utilized. There-
fore, activation processes for the composites should be
carried out, leading to the modification of the structural
surface and resulting in an increase in the volume of open
pores, allowing unconstrained diffusion of ions into their
interior, and consequently, increasing their activity. The
trials of the carbon gel activation were so far conduced
only through activation in a CO2 atmosphere at different
temperatures [29–31]. Carbon gels were also activated
chemically with KOH and NaOH [32] or using high-energy
ball milling [33].
The goal of the present paper is to prepare transition
metal-containing composites using Ni and different Pd
salts simultaneously and to determine differences depend-
ing on the kind of palladium salt used for the preparation of
C–Ni–Pd composites and to determine the effect of heat
treatment in an oxidizing atmosphere on the electrochem-
ical activity of such prepared composites.
2 Experimental
2.1 Reagents
All chemicals were obtained commercially and were used
without further purification: resorcinol (POCH, Poland),
formaldehyde (37 wt%, stabilized 10 wt% methanol,
Merck, Germany), sodium carbonate (POCH, Poland),
nickel acetate (C4H6NiO44H2O) (Fluka, UK), palladium
acetate (Sigma-Aldrich, USA), palladium chloride (POCH,
Poland), acetone (POCH, Poland), potassium hydroxide
(POCH, Poland). All reagents were of an analytical degree.
Distilled water was used for preparing all solutions.
2.2 Preparation of carbon gel and carbon–nickel–
palladium composites
Resorcinol–formaldehyde (RF) hydrogels were synthesized
by the polycondensation of resorcinol (R) with formaldehyde
(F), and sodium carbonate (C) as a base catalyst following a
method already applied elsewhere [21]. Molar ratios R/F and
R/C were 0.5 and 1000, respectively. The mass percentage of
the reactants in water solution was set at RF = 40 %.
In order to obtain carbon–nickel–palladium composites
(C–Ni–Pd) Na2CO3 catalyst was replaced with two pair of
metal precursors: nickel acetate (C4H6NiO44H2O) and
palladium acetate (C4H6O4Pd) or nickel acetate (C4H6-
NiO44H2O) and palladium chloride (PdCl2). The mass of
nickel and palladium salts in the solution were adjusted so
as to the theoretical metal mass in carbon formed after RF
carbonization (carbonization conditions hereafter) was
5 wt% for each metal. The mass percentage of RF and
metals in solution was set at RF/Ni/Pd = 40 %.
All the samples underwent the operation of water
removal through the exchange with acetone. The exchange
process was repeated three times using fresh acetone to
remove residual water from the pores of wet gels. Subse-
quently the dried samples of gels were carbonized in a tube
furnace under nitrogen flow at 900 C for 3 h using a
heating rate of 5 C/min.
The obtained products were denoted as follows:
CG carbon gel (without nickel and palladium),
CA–Ni–
Pd
carbon gel doped with 5 wt% of nickel and
5 wt% of palladium (both as acetate),
CB–Ni–
Pd
carbon gel doped with 5 wt% of nickel (as
acetate) and 5 wt% of palladium (as chloride)
After carbonization all the gels were powdered in a
high-energy ball mill (Pulverisette 6, Fritsch) in an argon
atmosphere. Carbon gel and carbon–metal composites were
milled twice at 350 rpm for 15 min, using a 10-min
interruption between each milling. The mass ratio of
stainless steel balls to milled material was 55:1.
2.3 Sample characterization
A scanning electron microscope (SEM) (Hitachi S-3400N)
coupled with the energy dispersive spectrometer (EDS)
(Thermo Electron Corp., model No. 4481B-1UES-SN with
the NSS Spectral Imaging System software) was used for
observing the morphology and surface distribution of
active particles of samples as well as determining semi-
quantitatively their chemical composition.
The X-ray analyses were performed with a diffrac-
tometer BRUKER D8 Advance, equipped with a computer
control set. The measurements were done using a CuKa
radiation (wavelength of 0.1542 nm) with nickel filtering.
Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) of samples were carried out
using Setaram device. Samples of about 20 mg were
heated up to 1000 C with a heating rate of 5 C min-1
in order to determine the thermal characteristics of car-
bon gel and nickel–palladium composites in air
atmosphere.
The BET specific surface areas (SBET) of samples were
determined from the isotherms measured by N2 adsorption
at -195.5 C using a relative pressure ranging from 0.06 to
0.30 (ASAP2020 V3.01 H–Micromeritics porosimeter).
The cumulative pore volume (Vt) between 1.7 and 300 nm
and mesopore size distributions were determined from the
desorption branch of the N2 isotherm using the Barret–
Joyner–Halenda (BJH) method.
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2.4 Preparation of electrodes and evaluation
of electrochemical properties
The working electrode was made by the insertion of 20 mg
of powdered electrode material placed on a gold spiral,
playing the role of current collector, mounted on the bot-
tom of the vessel of measuring cell. Before the measure-
ment electrode was immersed in 6 M KOH solution for
24 h to ensure the diffusion of aqueous electrolyte solution
into the pores of carbon material.
Cyclic voltammetry (CV) was used to determine the
electrochemical properties of the carbon gel and carbon–
metal composite electrodes. A Hg/HgO/6 M KOH system
(-0.098 V vs. normal hydrogen electrode) and a platinum
spiral were used as the reference and counter electrode,
respectively. The CV measurements were carried out in the
potential range from -1.2 to 0.0 V with the scan rate
1 mV/s, according to the conditions described in detail in
the earlier work [21].
All electrochemical measurements were carried out at
room temperature using AUTOLAB potentiostat–gal-
vanostat (model PGSTAT 30).
3 Results and discussion
3.1 Physico-chemical characterization
The samples of CG and nickel–palladium doped carbon
gels were examined using thermal analysis in order to
determine their thermal stability against air. Thermal
scanning was done at the temperature range from 20 to
1000 C.
All the TG curves indicate a common behavior (Fig. 1).
Weight loss for the gel CG (Fig. 1a) as well as for both C–
Ni–Pd composites (Fig. 1b, c) began at approximately
500 C. All samples were completely burned-out at around
700 C.
Also DSC curves obtained for the composites upon
heating are similar in shapes (Fig. 1b, c). For sample CG a
peak with the maxima at 550 C is noted (Fig. 1a) whereas
for samples C–Ni–Pd double exothermic peaks are recor-
ded. The first peaks with their maxima at 550 C are
related to the oxidation reaction of carbon and the second
ones (maxima at 700 C) can be assigned to an oxidation of
nickel and palladium particles.
These data gave the information that the process of heat
treatment of composites should be carried out at tempera-
tures below 500 C to avoid thermal decomposition of
samples. Because of this some parts of the composites were
activated in air at 450 C. For this purpose the samples
were heated up to 450 C at a heating rate of 5 C/min and
then left at this temperature for 30 min.
The influence of the addition of the nickel–palladium
catalyst to the RF gel and the gels’ subsequent conversion
to metallic nickel and palladium due to carbonization can
be evaluated by the comparison of the SEM images shown
in Fig. 2 with those presented in Fig. 3.
One can observe the changes in morphology of carbon
gel and C–Ni–Pd composites caused by the addition of
different Pd catalysts. It is known that the presence of
metal precursor in the RF solution changes the mechanism
of the polymerization process [24, 34, 35]. The particles’
dimensions of sample CG are from 5 to 10 lm in diameter
(Fig. 2) and they have different shapes.
The evidence for the catalytic effect of transition metals
on the polymerization process can be observed on the SEM
images for samples of C–Ni–Pd composites (Figs. 3, 4),
where spherical particles are in contrast to differently
shaped particles visible for the sample free of metal
dopants (Fig. 2). The particles’ dimensions of both com-
posites (1–5 lm in diameter) are smaller than for those of
gel CG.
One can see on the carbon surface of C–Ni–Pd com-
posites nickel and palladium inclusions which are observed
as light spots (Figs. 3, 4). Their size is different and varies
from 0.01 to 0.3 lm for composite CA–Ni–Pd and from
0.01 to 1 lm for composite CB–Ni–Pd.
Through the comparison of Fig. 3 with Fig. 4 it is
apparent that the morphology of both composites is not
altered by the process of heat treatment in air at 450 C.
The EDS data are shown in Table 1. One can see that
chemical composition of composites CA–Ni–Pd and CB–
Ni–Pd changed after thermal treatment. The main change is
the increase in oxygen content which can be assigned to
both the formation of oxygen functional groups on the
carbon surface of the composites and the formation of
metal oxides on the metal surface.
Surface properties of carbon gel and nickel–palladium
doped carbon gels were characterized using the N2
adsorption–desorption isotherms and are given in Table 2.
The comparison of the specific surface area (SBET) for the
carbon gel free of metals (sample CG) and the nickel–pal-
ladium doped carbon gels showed the decrease of the
specific surface area. The specific surface area is smaller,
about 63 and 49 m2/g for sample CA–Ni–Pd and CB–Ni–
Pd, respectively. The porous structure of these gels is sig-
nificantly changed by nickel and palladium particles
incorporated in the carbon matrix. As seen from Table 2
mesopores disappeared in composite CA–Ni–Pd and CB–
Ni–Pd and, as a consequence a significant reduction of the
average width of the pores down to 2.40–2.24 nm compared
to that of the original sample CG of dBJH = 15.25 nm. The
measurements also showed that carbon gel without metals
had a total pore volume (Vt) at p/po = 0.99 about two times
larger than those for carbon–metal composites. One can see
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from the structural data presented in this Table that the
conversion of nickel and palladium salts to metallic nickel
and palladium due to carbonization lead to significant
changes. The effect of these reactions was a more than six-
fold decrease in the average pore diameter of mesopores
and, finally, was responsible for the decrease in their
cumulative volume of pores.
The adsorption studies also provided information about
the changes in the structural properties of composites C–Ni–
Pd due to oxidative thermal treatment. As seen from the
comparison of data gathered in Table 2, such a treatment
gave rise to an increase in the specific surface area. The
surface became about 13 % higher than that for untreated
composites. A further effect of the heat treatment of com-
posites was an increase in pore diameter to 2.80 and 2.53 nm
for samples CA–Ni–Pd and CB–Ni–Pd, respectively.
The XRD spectra for carbon gel CG is shown in Fig. 5.
The X-ray pattern exhibit broad reflections at 2h = 23.6
and 44.1 which correspond to the (002) and (101)
diffractions of the graphitic framework respectively, buried
in the carbon matrix. On all XRD patterns recorded for
composite CA–Ni–Pd and CB–Ni–Pd (Fig. 6) a broad
diffraction peak at about 2h = 24, point to the presence of
turbostratic carbon is also presented. For both untreated
composites (Fig. 6a,c) three sharp peaks positioned at
2h = 41, 47 and 69 are visible. These peaks are
assigned to crystalline palladium. Two other peaks at
2h = 44, 52, corresponding to crystalline nickel can also
be observed. On the XRD pattern recorded for carbon gel
CB–Ni–Pd one additional peak at about 42 is presented,
corresponding to palladium oxide. Such a peak is not vis-
ible for sample CA–Ni–Pd.
Fig. 1 TG and DSC curves
recorded in air atmosphere
(heating rate: 5 C/min) for
sample CG (a), CA–Ni–Pd
(b) and CB–Ni–Pd (c)
Fig. 2 SEM images of carbon gel CG
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From the Fig. 6b, d it can be observed that intensities of
peaks for both composites increase after heat treatment.
This is particularly noticeable for peaks arising from
crystalline palladium. These peaks are also a trifle broader.
From the literature it is known that the peak broadening has
often been correlated with electrochemical activity
Fig. 3 SEM images of composites before heat treatment CA–Ni–Pd (a, b) and CB–Ni–Pd (c, d)
Fig. 4 SEM images of composites after heat treatment CA–Ni–Pd (a) and CB–Ni–Pd (b)
Table 1 EDS results for
sample CA–Ni–Pd and CB–Ni–




Before heat treatment After heat treatment Before heat treatment After heat treatment
C 93.31 86.83 94.65 87.19
O 4.84 10.94 3.88 10.46
Ni 0.80 1.22 0.77 1.17
Pd 1.05 1.01 0.70 1.18
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[36–38]. The diffraction peak located at about 52 shows
the existence of nickel, disappeared on the XRD patterns
for both heat treated composites. Three additional peaks for
sample CA–Ni–Pd are noted. The first of them centered at
37.3, corresponding to the presence of nickel oxide is also
recorded for sample CB–Ni–Pd. The second one at 2h
about 34 indicating palladium oxide [32, 34] is also noted
for both composites. The third of them at 2h = 42 proves
the presence of palladium oxide appeared only on the XRD
pattern for composite CA–Ni–Pd.
3.2 Electrochemical properties
To examine the electrochemical properties of the carbon
gel and composites, CV tests have been conducted in 6 M
KOH solution from -1.2 V to 0 V. Cyclic voltammograms
obtained for carbon gel and metal-doped gels are depicted
in Figs. 7, 8 and 9, respectively. The character of CV
curves recorded for C-Ni–Pd composites is distinctly dif-
ferent from that of the carbon gel free of metals. The
presence of metals noticeably influenced both the shape
and the current charges of the CV curves. One can also see
differences in the recorded reactions depending on the kind
of palladium salt used.
Table 2 Surface properties of
carbon gels and metals
containing carbon gels
Sample SBET (m
2 g-1) Average pore diameter dBJH (nm) Vt (cm
3 g-1)
CG 593 15.25 0.53
CA–Ni–Pd before heat treatment 530 2.40 0.28
CA–Ni–Pd after heat treatment 602 2.80 0.32
CB–Ni–Pd before heat treatment 544 2.24 0.28
CB–Ni–Pd after heat treatment 619 2.53 0.32
Fig. 5 XRD pattern of carbon gel CG
Fig. 6 XRD patterns for
composites: CA–Ni–Pd before
(a) and after (b) heat treatment
and CB–Ni–Pd before (c) and
after (d) heat treatment. Peak
positions: (asterisk) graphite,
(filled square) Pd, (plus symbol)
PdO, (circle) Ni, (multiply
symbol) NiO
370 J Porous Mater (2016) 23:365–373
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In Fig. 7 it can be observed that for carbon gel CG there
are no apparent redox peaks connected with the reduction/
oxidation of the carbon matrix. One can only see capacitive
effects related to the process of charging/discharging of the
electrical double layer and faradaic reactions [24, 32, 39].
The comparison of cyclic voltammograms recorded for
samples CA–Ni–Pd and CB–Ni–Pd before heat treatment
during the 10th and 25th cycle is presented in Fig. 8. We
can observe the differences originating from the kind of
palladium salt used. The created changes concern the
processes taking place during both cathodic and anodic
polarization. The differences consist in both the decrease in
the anodic and cathodic charge and the shapes of registered
curves. It is proved that the carbon gels with pore diameter
between 3 and 13 nm have good voltammetry character-
istics and high capacitance values [32].
No effects arising from the redox reactions of nickel and
palladium during the first 10 cycles of scanning (CV curves
not shown here) are observed for sample CB–Ni–Pd,
whereas a couple of current peaks appeared for sample
CA–Ni–Pd. In contrast to the CV curves recorded for
sample CA–Ni–Pd, also during further cyclization for
sample CB–Ni–Pd only one small and flat anodic peak at
about -0.84 V is observed. This peak is connected with
the oxidation of sorbed hydrogen. Also cathodic peak noted
for sample CA–Ni–Pd at about -0.9 V is flat and small.
This peak can be related with both the reaction of hydrogen
adsorption/absorption and reduction of NiOOH. After the
polarization direction is changed the oxidation of sorbed
hydrogen and nickel and/or palladium takes places within
the broad anodic peak noted at about -0.8 V. Both peaks
become more and more profound upon cyclization.
The higher activity of CA–Ni–Pd composite is in
agreement with studies that the carbon atoms with rounded
shapes are the most reactive [40, 41]. Sample CA–Ni–Pd
has a slightly higher amount of particles with such shapes
which suggests a better access of the electrolyte.
The comparison of cyclic voltammograms recorded
during the 10th and 25th cycle for samples CA–Ni–Pd and
CB–Ni–Pd after heat treatment is presented in Fig. 9. A
detailed consideration of these CV curves reveals further
changes in the kinetics and mechanism of the reactions
depending on the kind of palladium salt used for the
preparation of C–Ni–Pd composites. It is clear that peaks
measured for heat treated samples are more acute and the
current noted for them is around three- and four-times
higher, respectively for samples CB–Ni–Pd and CA–Ni–
Pd. The release of Ni–Pd particles could be a reason for
their effects as a result of the oxidation of the carbon
surface and subsequently their exposure to the electrolyte
and their improvement of access to the electrolyte. The
higher electrochemical activity of C–Ni–Pd composites
after heat treatment in the reactions of hydrogen sorption/
desorption is also correlated with data derived from an
XRD analysis (more intensive peaks arising from crys-
talline palladium).
In contrast to the double and sharp anodic/cathodic
peaks of high intensity noted for composite CA–Ni–Pd,
Fig. 7 Cyclic voltammograms recorded for carbon gel CG. Potential
range from -1.2 V to 0.0 V. Scan rate 1 mV/s
Fig. 8 Cyclic voltammograms recorded during the 10th and 25th
cycle for carbon gel CA–Ni–Pd (a) and CB–Ni–Pd (b). Potential
range from -1.2 V to 0.0 V. Scan rate 1 mV/s
Fig. 9 Cyclic voltammograms recorded during the 10th and 25th
cycle for carbon gel CA–Ni–Pd (a) and CB–Ni–Pd (b) after heat
treatment in air. Potential range from -1.2 V to 0.0 V. Scan rate
1 mV/s
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only one small cathodic peak at -0.95 V associated with
the reactions of hydrogen sorption and the anodic peak at
-0.84 V related to hydrogen release were recorded for
sample CB–Ni–Pd. An interesting feature of the anodic
peak observed for composite CA–Ni–Pd after thermal
treatment is its splitting (Fig. 8). This may indicate changes
in the reaction mechanism. The formation of a double peak
might be related to transformation from the a- to b-(Pd–
Ni)/H phase within the carbon matrix [42] associated with
the Ni $ Ni(OH)2 reaction [43]. One can also see the
improvement of the electrochemical activity in the alkaline
solution for CA–Ni–Pd composite during further
cyclization.
As an elucidation of the higher activity of sample CA–
Ni–Pd it is reasonable to assume that the use of Ni and Pd
acetate leads to Ni–Pd particles of a higher activity due to
their smaller dimensions (Figs. 3, 4). The higher activity of
this composite compared to the composite prepared using
Ni acetate and Pd chloride, lends credence to such a
hypothesis. The presence of nickel and palladium acetates
in the carbon matrix also contributed to the increase of pore
diameter as compared to composite CB–Ni–Pd. The further
increase in electrochemical activity of the composite CA–
Ni–Pd due to heat treatment and two-phase reaction, might
be ascribed to the formation of the porous structure
ensuring a better transport of ions to Ni–Pd particles. The
reason probably lies in the more activating interaction of
CO2, being liberated due to thermal decomposition of the
acetate, with the carbon skeleton.
4 Conclusions
Nickel–palladium doped carbon gels prepared by the car-
bonization of organic gels containing nickel and palladium
acetate (CA–Ni–Pd) and nickel acetate and palladium
chloride (CB–Ni–Pd) appeared to be electrochemically
active in 6 M KOH aqueous solution.
For composites CA–Ni–Pd a higher electrochemical
activity was obtained. The increased activity of these
composites and the biphasic reaction can already be
observed before the oxidation heat treatment. The reason
probably lies in a more activating interaction of CO2,
which is being liberated due to thermal decomposition of
the acetate, with the carbon skeleton.
The improvement of the electrolyte diffusion into the
particles of nickel and palladium was obtained by thermal
treatment in air at 450 C. The electrochemical treatment
carried out in the potential range from -1.2 to 0.0 V
resulted in the changes in the electrochemical properties of
thermally treated composites C–Ni–Pd. As a result of such
treatment the transport of electrolyte ions improved,
allowing contact with particles of nickel and palladium
present in the coal matrix. In the case of thermally treated
composites one can notice an increase in the registered
current of hydrogen sorption/desorption.
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